The exchange bias effect in ferromagnetic (FM)/antiferromagnetic (AF) bilayer structures has been widely investigated because its underlying principle is critical for spintronic applications. In this work, the effect of Ar + beam bombardment on the microstructural and magnetic properties of the Mn/NiFe thin films was investigated. The in-situ Ar + bombardment nontrivially promoted the Mn/NiFe intermixing and facilitated the formation of the FeMn phase, accompanied by a remarkable reduction of Mn and NiFe layer thickness. The enhanced Mn/NiFe intermixing greatly disordered the interfacial spins, inhibiting the interfacial exchange coupling and giving rise to a significant decrease of the exchange bias field (H ex ). The facilitated Mn/NiFe intermixing effect also dramatically degraded the magnetocrystalline anisotropy of the NiFe crystallites, leading to a notable suppression of the coercivity (H c ). These results indicate that both the exchange bias and coercivity of the Mn/NiFe bilayers can be directly affected by the in-situ Ar + bombardment, offering an effective way to modify the magnetism of the exchange-bias systems.
Introduction
The exchange bias phenomenon in ferromagnetic (FM)= antiferromagnetic (AF) bilayer structures has been widely investigated because its underlying principle is vital for spintronic applications. [1] [2] [3] [4] The microstructural and magnetic characteristics of the FM=AF bilayers can be changed by a variety of methods, including annealing, 5) ion-beam bombardment, 6) and field cooling. 7) Among these methods, the ion-beam bombardment is an effective technique to modify the microstructural and compositional features of the FM=AF bilayers by altering crystallographic orientations, 8) changing grain sizes, 6) facilitating interlayer diffusion, 3, 9) and so on. The altered microstructural and compositional properties can nontrivially influence the exchange bias and coercivity of the FM=AF bilayers, [2] [3] [4] 8, 10, 11) revealing the critical role of the ion-beam bombardment in modifying the magnetism of the FM=AF bilayers.
As a common AF material, Mn is widely used in the exchange biased structures. [12] [13] [14] [15] [16] [17] [18] [19] [20] The published works have demonstrated the effect of the oxidization of Mn, 16, 21) the Mn doping, [22] [23] [24] and the Mn diffusion 15, 25, 26) on the exchangebiased thin films. However, the influence of the ion-beam bombardment on Mn=NiFe bilayers has not yet been reported. In this work, the authors studied the changes of microstructural and compositional properties induced by the ion-beam bombardment and discussed their consequent effects on the magnetism of the exchange-biased Mn=NiFe bilayers.
Experimental methods
The Mn=NiFe bilayers were deposited on amorphous SiO 2 substrates by using a dual ion-beam sputtering system. 27, 28) The base pressure of the chamber was 4 × 10 −6 Torr. The bilayer samples were either prepared without (as-deposited) or with (bombarded) Ar + bombardment during the deposition of the Mn layer. A quartz oscillator was used to monitor the deposition process. The pressure of the chamber was stabilized at 5 × 10 −4 Torr during the deposition. For the asdeposited samples, an Ar + beam from a Kaufman ion source was focused onto a commercial NiFe or Mn target in order to deposit the bottom NiFe or top Mn layer. The operating voltage and current of the Kaufman ion source were stabilized at 804 V and 7.5 mA, respectively. The NiFe and Mn layers with thicknesse of 23.1 and 35.2 nm were deposited at the deposition rate of approximately 4.6 and 2.9 nm=min, respectively. The deposition times of the NiFe and Mn layers were 5 and 12 min, respectively. For the bombarded samples, the NiFe layer with thickness of 23.1 nm was deposited at the same deposition rate of approximately 4.6 nm=min and the deposition time was 5 min as well. After the deposition of the NiFe layer, an end-Hall ion source with an Ar + beam was utilized to in-situ bombard the substrate during the deposition of the Mn layer. The deposition time of the Mn layer was 12 min. The operating voltage (V EH ) of the end-Hall ion source was maintained at 70 V during the ionbeam bombardment process. The microstructural properties of the prepared samples were characterized with a JEOL JEM-2010 transmission electron microscope (TEM) operating at 200 kV. A Bruker AXS D8 Advance system was used to acquire X-ray diffraction (XRD) patterns. The X-ray photoelectron spectroscopy (XPS) investigations were conducted on a PHI 5000 VersaProbe. Magnetic hysteresis loop measurements were performed in a superconducting quantum interference device (SQUID; Quantum Design MPMS) where a cooling field of 0.1 T (1 kOe) was applied parallel to the sample plane. The zero-field-cooled (ZFC) and fieldcooled (FC) curves were measured with an in-plane magnetic field of 10 mT (100 Oe) over a temperature range from 300 to 10 K.
deposited bilayer and such morphology was absent in the bombarded one. Through in-situ Ar + bombardment during the deposition of the Mn layer, the thicknesses of the Mn and NiFe layers were greatly decreased to 27.1 and 11.8 nm [insets of Figs. 1(a) and 1(b)], respectively. This phenomenon was caused by the etching effect of the Ar + bombardment. When the deposition of the Mn layer started, the Ar ions generated from the end-Hall ion source could either transfer their momentums to the Mn atoms or penetrate into the NiFe layer and transfer their momentums to the Ni or Fe atoms. Therefore, both the Mn and NiFe layers were partially etched during the ion beam bombardment process, resulting in the reduction of thickness of the Mn and NiFe layers. The rough Mn=NiFe interfaces of both the as-deposited and bombarded layers indicated a nontrivial intermixing between the Mn and NiFe layers. To acquire more microstructural information, the selected area electron diffraction (SAED) patterns of the bilayers were analyzed, as demonstrated in Figs. 1(c) and 1(d). Both the as-deposited and bombarded bilayers revealed the major Mn phase and minor MnO phase, suggesting a slight oxidization of the Mn layer, which was probably caused by the residual oxygen in the chamber. The major Mn phase mainly exhibited (222) and (400) textures while the MnO phase showed a combination of (160) and (080) textures. Regarding the bombarded bilayer, the observation of bright diffraction spots in the NiFe(111) ring suggested the growth of NiFe grains. The intermixing between the Mn and NiFe layers also resulted in the formation of the FeMn phase.
XRD characterization was carried out to further investigate the effect of Ar + bombardment on the microstructural and compositional properties of the Mn=NiFe bilayers. As shown in Figs. 2(a) and 2(b), the diffraction peaks for the Mn, MnO, and FeMn phases were identified. For the as-deposited bilayer [ Fig. 2(a) ], both the Mn(222) and MnO(151) peaks were identified, which suggested the oxidization of the Mn layer. A relatively wide NiFe(111) peak was identified and a small FeMn(110) peak was present due to the intermixing effect. Compared to the as-deposited bilayer [ Fig. 2(a) ], the peak intensity of the MnO(151) for the bombarded bilayer [ Fig. 2(b) ] exhibited a notable decrease, indicating the reduction of oxidized phase in the Mn layer during ion beam bombardment process. Also, the integral peak intensity of the FeMn(110) texture became slightly larger, which was confirmed by the calculated ratio of integral peak intensity between the bombard and as-deposited layers of ∼1. 16 . This phenomenon revealed that the intermixing effect was enhanced and an increasing amount of the FeMn phase was formed during ion beam bombardment. The bombarded bilayer also exhibited a much sharper NiFe(111) peak, indicating the growth of NiFe grains due to the in-situ Ar + bombardment. These characterizations are consistent with the discussed TEM and SAED results.
To further characterize the chemical composition of the asdeposited and bombarded bilayers, XPS measurements of the bilayers were investigated and their depth profile intensities were analyzed, as shown in Figs. 3(a) and 3(b) . In Fig. 3(a) , when the sputtering time (t s ) < 0.8 min, the intensity of Ta was larger that of Mn, Ni, Fe, and O, which revealed the formation of the Ta capping layer of the as-deposited specimen. After t s of 0.8 min, the content of Mn exhibited a rapid increase, suggesting the detection of the Mn layer. The detection of the O signal confirmed the oxidization of the Mn layer at the Ta=Mn interface. After t s of 7.0 min, the content of Mn started to decrease while that of Ni and Fe demonstrated a sharp growth, indicating the NiFe layer was detected. The relatively large Mn content in the NiFe layer was a result of the intermixing between the Mn and NiFe layers. In the bombarded sample [ Fig. 3(b) ], larger intensities of Ni and Fe were detected in the Mn layer as well as a larger Mn content was identified in the NiFe layer as compared to the as-deposited sample, which suggested the enhanced Mn=NiFe intermixing in the bombarded sample. These results confirm the oxidization of the Mn layer at the Ta= Mn interface and the enhancement of Mn=NiFe intermixing due to the Ar + bombardment. To validate the formation of the oxidized state of Mn, XPS spectra of Mn 2p 3=2(1=2) electrons were analyzed for both the as-deposited [ Fig. 3(c) ] and bombarded samples [ Fig. 3(d) ]. For the as-deposited sample with t s of 1.0 min [ Fig. 3(c) ], the major peaks at 640.5 and 652.8 eV indicated the emissions of Mn 2+ ions in MnO while the subpeaks at 638.4 and 649.7 eV corresponded to the metallic Mn. 29) When t s of 5.2 min, the Mn 2p peaks exhibited a significant growth and tended to overwhelm the Mn 2+ 2p peaks, suggesting that the metallic Mn phase was dominant. This phenomenon was in line with the reduction of O content at t s of 5.2 min, as demonstrated in the XPS depth profile of the as-deposited sample [ Fig. 3(a) ]. Similar results were revealed in the Mn 2p spectra for the bombarded sample [ Fig. 3(d) ]. At the Ta=Mn interface (t s of 0.7 min), both the metallic and oxidized Mn phases were observed. When Ar + sputtered into the Mn layer, the Mn 2+ peaks were dramatically suppressed, which suggested that the metallic Mn phase was dominant.
From the above microstructural and compositional investigation, we concluded that both the as-deposited and bombarded samples exhibited the intermixing effect between the Mn and NiFe layer as well as the slight oxidization of the Mn layer at the Ta=Mn interface. The in-situ Ar + bombardment nontrivially promoted the Mn=NiFe intermixing and facilitated the formation of the FeMn phase, accompanied by a remarkable reduction of Mn and NiFe layer thickness. These microstructural and compositional changes also influenced the magnetic properties of the as-deposited and bombarded Mn=NiFe bilayers, as investigated below.
To investigate the influence of the in-situ Ar + bombardment on the magnetic properties of the Mn=NiFe bilayers, the magnetic hysteresis loops were measured with an in-plane measuring magnetic field applied along the easy axis, as shown in Figs. 4(a) and 4(b) . Compared to the as-deposited sample [ Fig. 4(a) ], the bombarded sample [ Fig. 4(b) ] exhibited a remarkable suppression of the normalized remanence (M r =M s ). This phenomenon was likely originated from the enhanced intermixing between the Mn and NiFe layers, which led to the reduction of magnetocrystalline anisotropy of the NiFe crystallites and therefore resulted in the decrease of M r =M s .
30) The easy-axis exchange bias field (H ex ) and coercivity (H c ) were calculated at different temperatures, as shown in Fig. 4(c) . The boosted H ex and H c at low temperatures (10, 20 K) was derived from the onset of exchange bias effect below the irreversibility temperature (T irr ). These results were confirmed by the FC=ZFC measure- 31) The in-situ Ar + bombardment also facilitated the Mn=NiFe intermixing effect, which dramatically reduced the magnetocrystalline anisotropy of the NiFe crystallites and gave rise to a suppressed H c . 30) 
Conclusions
In this work, the effect of Ar + ion beam bombardment on the microstructural and magnetic properties of the Mn=NiFe thin films was investigated. The in-situ Ar + bombardment during the deposition of the Mn layer can notably promote the Mn=NiFe intermixing and facilitate the formation of the FeMn phase accompanied by a remarkable reduction of Mn and NiFe thicknesses. The enhanced Mn=NiFe intermixing greatly disordered the interfacial spins, inhibiting the interfacial exchange coupling and giving rise to a significant decrease of H ex . The facilitated Mn=NiFe intermixing effect also dramatically degraded the magnetocrystalline anisotropy of the NiFe crystallites, leading to a notable suppression of H c . These results indicate that both the exchange bias and coercivity of the Mn=NiFe bilayers can be directly affected by the in-situ Ar + bombardment, offering an effective way to modify the magnetism of the exchange-bias systems. 
